Abstract: Three generations of dendritic quaternary ammonium (G1, G2 and G3) were intercalated into montmorillonite (MMT) layered silicates. X-ray diffraction (XRD) and transmission electron microscopy (TEM) indicate that the respective intercalations of dendrimer/MMT hybrids exhibited organized characteristics, and the interlayer spacings were 2.83, 2.62 and 2.89 nm for G1/MMT, G2/MMT and G3/MMT, respectively. Moreover, the preparation of dendrimer/MMT hybrids was investigated at different dendrimer/MMT molar ratios regarding the changes of interlayer distance, revealing a conformation change of the intercalating dendrimers. The dendritic structure with low molecular weight (G1) could effectively intercalate the layered silicates and enlarge the basal spacing to 2.83 nm.
Introduction
Clay/polymer nanocomposites are clay filled polymers with outstanding chemical, physical, and mechanical properties that cannot be obtained with conventional macro-and micro-composites [1] . The chemical and physical properties of nanocomposites have stimulated fundamental and applied research in this field; particularly because of their high performance at very low clay loading [2, 3] .
Montmorillonite (MMT) is a hydrated alumina-silicate clay composed of the units made up of two silica tetrahedral sheets with a central alumina octahedral sheet. The silicate layers of MMT are planar, stiff and do not occur as isolated individual units but aggregate to form crystalline structures [4] . The efficiency of the MMT in improving the properties of the polymer materials is primarily determined by the degree of its dispersion in the polymer matrix, which in turn depends on its particle size [5] . However, the hydrophilic nature of the MMT surface impedes their homogeneous dispersion in the organic polymer phase. To overcome this problem, it is often necessary to make the surface organophilic prior to its use. Although in pristine layered MMT the interlayer cations are usually hydrated Na + or K + , ion exchange reactions with organic cations can render organophilicity to the normally hydrophilic MMT surface. The role of organic cation in the org-MMT is to reduce the surface energy of the MMT surface improving the wetting characteristics by the polymer or monomer [6] [7] [8] [9] [10] [11] [12] .
Dendrimers are a unique class of molecular scale building blocks with highly ordered, regularly branched and globular structures for the construction of nanostructured materials [13, 14] . Unlike linear polymers and traditional branched polymers, dendrimers are monodisperse macromolecules that consist of multiple functional groups at periphery. Because of these unique advantages, their molecular sizes, shapes and natures can be precisely controlled with potential applications in drug delivery [15, 16] , catalysis [17] , self-assembly systems [18, 19] and electro-optical materials [20, 21] . In previous studies, intercalation of the dendrimers into silicate interlayer was limited due to the steric hindrance and poor amphiphilic characteristics. Hence, intercalation of dendrimers is a relatively unexplored area. In previous works, Månson and co-workers [22] exploited the external multiple hydroxyl groups of a dendritic structure as a polar feature, and there were no cationexchange reactions with layered silicate. Their results only showed intercalated silicates. Furthermore, Simanek and co-workers [23] identified another dendritic surfactant based on triazines and diamines since the dendritic part did not fully stretch out between layered silicates but hung outside. Therefore, they believed this dendritic structure could not afford expectable exfoliation, but only increased the basal spacing slightly. Unlike other works, Ru-Jong Jeng and co-workers [24, 25] modified the surface of MMT using polyurea/malonamide dendrons and detected the interlayer distance of intercalated hybrid could be precisely controlled in the range 38-115 Å, forming a unique structure.
Owing to the excellent hydrophilicity property, we expect to use Na-MMT and dendritic quaternary ammonium to achieve nanocomposites with intercalated structures. In this paper, we report a study of intercalation of the quaternary ammonium of polyamidoamine dendrimer into the interlayer space of MMT. In particular, via respective incorporation of the different generation and cationic exchange capacity (CEC) of dendrimers onto layered MMT, the interlayer distance of the intercalated hybrid can be precisely controlled.
Results and discussion
The molecular weights of three generations (G1, G2 and G3) dendritic quaternary ammoniums are 1514, 3454 and 7243 g/mol, respectively. Chemical structures are illustrated in Figure 1 . Based on hypothesis, each quaternary ammonium end-group had equal probability to exchange cation with Na-MMT and the CEC ratio of dendritic quaternary ammonium and pristine MMT was reckoned stoichiometric 2.0 equivalents. The molar ratios of dendrimer and Na-MMT were designated 1/2 of G1/Na-MMT, 1/4 of G2/Na-MMT and 1/8 of G3/Na-MMT, respectively. After mixing these dendritic quaternary ammoniums and Na-MMT in solution, the organically modified MMTs were obtained by ion-exchange reactions. Therefore, G1, G2 and G3 can be used as the intercalating agents to fine-tune a series of dendrimer/MMT hybrids. Figure 2 (a) shows XRD patterns of Na-MMT (d= 1.29 nm) and its intercalated forms. The changes of basal spacing reflect the intercalation stages of G1 (d= 2.83 nm), G2 (d= 2.62 nm) and G3 (d= 2.89 nm) into interlayer spaces of Na-MMT. Especially for G1/MMT, G2/MMT and G3/MMT having the same molar ratio of CEC, the basal spacings were similar, despite of different dendrimer size. In addition, several basal reflections were shown on G1/MMT and G2/MMT, which indicated that G1 and G2 had diverse layering in the gallery of MMT. In order to understand the intercalating profile of dendrimer/MMT hybrid, various molar ratios between G1 and MMT have been prepared and their interlayer distances and dendritic conformation were investigated. Figure 2(b) shows the XRD patterns of G1/MMT at various CEC molar ratios. At the lower loading ratio of 0.125 CEC equivalents, the basal spacing of G1/MMT hybrid only achieved 1.49 nm. This is because the number of dendritic molecules is not large enough to resist the attraction between interlayer silicates. As the amount of dendrimers for intercalation increases (0.25 CEC), the space was further enlarged with the dendritic structures. The XRD diagram (0.5 CEC) shows two strong peaks (2.83 and 1.90 nm). The reason may be that only a part of cationic groups of the dendritic molecule interacted with the silicate layers. The larger basal spacing for dendritic molecule resulted from the simultaneous interaction of the two G1 molecules with the upper and lower silicate layers. It seems that the various interlayer spacings are caused by random or selective replacement of interlayer sodium ions. In order to confirm the previous assumptions observed by XRD patterns, TEM was utilized to visualize the spatial distribution among the modified MMTs.
As shown in Figure 3a , the TEM micrograph of G1/MMT with 0.25 CEC indicates ordered intercalation between oriented silicate layers with well-defined basal spacing (2.5 nm) corresponding to the analysis of the XRD pattern. For the G1/MMT hybrid with 0.5 CEC, the TEM micrograph clearly shows an orderly layered structure ( Figure  3b ) and the basal spacing is estimated to be slightly larger than G1/MMT at 0.25 CEC. Moreover, an enlarged basal spacing of the modified MMT could be obtained because of deferent assembled G1 molecules in the gallery (arrow of Figure 3b ). TEM micrograph (Figure 3c ) reveals that G3/MMT with 2.0 CEC has the similar intercalated structure as G1/MMT hybrids. The interlayer distances of G3/MMT hybrids are found to be approximately 2.8 nm (arrow of Figure 3c ), which are consistent with the XRD analysis. Despite of larger size of G3 molecule, the interlayer distances of the modified MMT cannot be extended. This is possibly due to the fact that G3 molecule has larger inside space and is more flexible, which can lead to the compressed G3 molecules between silicate layers. On the other hand, the steric hindrance of the exchanged G3 molecules can inhibit further intercalation. Accordingly, the excessive amount and higher generation of G3 dendrimer could not offer extra capability of enlarging interlayer distance. Therefore, G1 dendrimer was an effective intercalating agent to replace sodium ion between interlayers and enlarge the interlayer distances of MMT with 0.5 CEC. To obtain more information on the characteristics of dendrimer/MMT hybrids, the molecular mobility of dendrimers attached to layered silicates was monitored by DSC ( Figure 4 ). The T m of pristine G1 was -5.9 o C and this T m became insignificant after attachment to MMT. This implies the formation of confinement between the layered silicates, resulting in restricted orientation of G1 dendrimer. Compared with the T m of G2 at -13.7 o C, the T m of G2/MMT was invisible. In addition, no T m of G3 and G3/MMT were identified. This tendency clearly reveals that the reduction in T m after modification may be due to the fact that the dendritic molecules were restricted by the layered silicates without sufficient spaces for molecular relaxation. This conforms to the observations of the earlier literatures [26, 27] . As shown in Table 1 , the organic/inorganic ratio was measured by TGA, conforming to the result calculated by CEC. Hence it is evident that this series of dendrimer are powerful intercalating agents and could effortlessly attach to Na-MMT (load factor > 90%). It is noted that G3 has poor load efficiency because of its steric hindrance [23] . Fig. 4 . DSC thermograms for pristine dendrimers and modified dendrimer/MMT hybrids.
In conclusion, a series of dendritic quaternary ammoniums (G1, G2 and G3) were used as the intercalating agents to prepare highly ordered silicates with the interlayer basal spacing up to 2.89 nm. These dendrimer/MMT conformations reported here are notably different than the traditional monolayer and bilayer structure modified by linear surfactants. The investigation on the dendrimer/MMT hybrids with different molar ratios also provided the intercalation profile, revealing the basal spacing was influenced by the content of dendrimer as well as dendrimer conformation in the gallery of MMT. As the molar ratio increased from 0.125 to 1.0 CEC equivalents, the intercalation of G1 dendrimer resulted in a gradual increase of the basal spacing. However, via G3/MMT blend was prepared, no prominent increase of interlayer spacing was observed. Based on experimental data, the dendritic structure even with low molecular weight (G1) could effectively intercalate the layered silicates and enlarge the basal spacing to 2.83 nm. On the other hand, dendritic structures with higher molecular weight (G3) would increase the molecule deformation and its steric hindrance could inhibit further intercalation. The utilities of these dendrimer/MMT hybrids in other aspects are under investigation.
Experimental part

Materials
Na-MMT supplied by Fenghong Clay Chem. Co., is a sodium type with a cationic exchange capacity (CEC) of 90 meq/100g. A series of polyamidoamine dendrimer and their quaternary ammoniums were synthesized according the literatures [28] [29] [30] [31] [32] . Bromododecane, ethylenediamine, methyl acrylate and methanol were used as received.
Organo-Clay Preparation
A series of organoclays were prepared from each dendritic quaternary ammonium. Typical experimental procedures are described below. First, clay suspensions were prepared by adding 100 mL of distilled water to 6.0 g of Na-MMT at 80 o C and stirring for 24 h until fully swollen. Afterward, different generations (G1-G3) of dendritic quaternary ammonium solutions were added. The organic solvents were completely miscible with water. Finally, the suspensions were stirred for 24 h at 80 o C. The resulting agglomerated precipitate was collected, and washed with water and with methanol to thoroughly remove any residual ions and non-exchanged dendritic quaternary ammoniums. The dendrimer/MMT materials (G1/MMT-G3/MMT) were dried in a vacuum oven at 80 o C for 24 h and characterized by using XRD, TEM, TGA and DSC.
Characterization and instruments
XRD analysis was performed by using a TRA X (Thermo ARL SCINTAG) diffractometer with Cu target (λ = 1.542 Å), using curved crystal graphite monochromator, 40 kV and 20 mA. The basal spacing of the intercalated MMT was analysed by Bragg's equation (nλ=2dsinθ). The organic fractions were estimated by using a TGA (Perkin-Elmer Pyris 1), with a temperature gradient that ramped from room temperature to 600 o C at a rate of 20 o C/min under air. Thermal transitions were studied in N 2 using a differential scanning calorimeter (DSC, TA Instruments DSC Q100), heating up from -40 o C to room temperature at a heating rate of 10 o C/min. FT-IR absorption was recorded by using Nicolet 6700 spectrometer. TEM was performed on a JEM-1200EX at an acceleration voltage of 80 kV, and the samples with a thickness of approximately 80 nm were microtomed at room temperature using a diamond knife and transferred to carbonfilm-coated Cu grids.
